Many organisms overlap in their use of resources in space and time. Where and when resources are restricted, species must compete for them. Living space, often a critical resource controlling food and mate availability, is directly contested by organisms in most habitats. The ensuing animal interactions generally result in a winner gaining space and a loser, which may die. Contact matrices from studies of interference competition in encrusting marine Bryozoa (clonal and colonial animals), spanning at least 60°latitude in both hemispheres, were analysed and subjected to a modern transitivity index. Only data for Bryozoa were used because (i) use of a single taxon with restricted ecology simplifies the scope for types of encounters, (and therefore) interpretation; and (ii) ecological bias is reduced because bryozoans are abundant at all latitudes. The analysis shows that assemblage competition is more hierarchical towards both poles. Thus, poorer competitors fail more frequently in interactions with increasing latitude. The cause of this trend is the simplification of overall outcomes between competitors, such as fewer ties, reversals in outcome or competitive loops (where low-ranking competitors beat those of higher ranking).
INTRODUCTION
Darwin believed competition to be a major force behind natural selection, leading to evolution in the characteristics of species. For more than a century since then, ecologists have sought to measure competition between organisms. It has become apparent that competition, particularly for space, may frequently occur not just between individuals of the same or related species, but even between members of different classes, phyla or even kingdoms ( Jackson 1979a; Hochberg & Lawton 1990) . The outcomes of competitive encounters between organisms may vary with taxon: those between mobile forms typically have determinate win/loss (Wagnon et al. 1966; Clutton-Brock et al. 1979) , whereas tied results (standoffs, mutual overgrowth and fusion) tend to be restricted to sessile animals (Schmidt & Warner 1986; Tanaka & Nandakumar 1994 ). Mathematicians and ecologists have, over many decades, developed an array of models and indices (resulting from compiled field observations) to estimate the underlying structure of assemblage competition from contact matrices. One of the most fundamental aspects of competition is the degree to which the overall structure is hierarchical or transitive (Rubin 1982) . A strict hierarchy is characterized by the presence of an ultimate competitor, which is dominant over all others, through a spectrum of competitive ability to one submissive to all others. This contrasts with a network or intransitive structure. Such a network has no clear ranking of competitors, and consequently no overall dominant species or individual. Some sessile marine communities have been found to be structured by non-transitive networks mediated either by incomplete dominance of superior competitors (A generally overgrows B, but not always; and B generally overgrows C, but not always) or backloops (A overgrows B, B overgrows C, but C overgrows A). In other marine communities, a similar state may result from almost entirely tied competitive outcomes (Quinn 1982; Russ 1982; Schmidt & Warner 1986; Sebens 1986; Chornesky 1989; Tanaka & Nandakumar 1994) . Alternatively, a network may prevail through more complex interactions, including non-contact stand-offs, rather than outcomes of necessarily aggressive physical interactions (Schoener 1983; Menge & Sutherland 1987) .
This study attempted to gauge whether large-scale latitudinal patterns exist in the structure of assemblage organization due to change in the nature or outcomes of interference competition. Major geographic parameters (latitudinal, longitudinal, bathymetric, hemispherical and marine versus terrestrial gradients) have all been considered as principal sources of variability in organism traits. Early theories of simple clines, such as species richness and reproductive gradients with latitude (see Pianka (1966) and Mileikovsky (1971) , respectively) have been shown to be more complicated by between site variability (McGuiness 1990) or non-compliance of particular taxa (Pearse et al. 1991) . In addition, some latitudinal and longitudinal patterns in taxon richness seem to be better explained by time gradients rather than geographical influences (Crame 2000) . Nevertheless, strong speciesrichness gradients have been identified in certain taxa in the northern hemisphere (Roy et al. 1998; Clarke & Lidgard 2000) . Although there have been extended inconclusive discussions about gradients in some aspects of organism organization structures (e.g. niche diversification; see Connell 1978) , latitudinal (or other geographical) trends in competition have not, to the author's knowledge, been suggested before.
In this study, I quantified the hierarchical nature of encrusting marine organism assemblages from Alaska to Antarctica. The study involved the choice and organization of competitor pair data to form matrices, which complied with the assumptions and requirements of Tanaka & Nadakumar's (1994) transitivity index. Index scores were then organized by latitude of the study assemblage. To avoid complications of between clade (distinct phylogenetic taxa) interactions, the taxon that I used was that best represented in the literature in terms of usable dominance data matrices. Cheilostome bryozoans have proved highly valuable in the investigation of effects of environment constancy (Hughes & Jackson 1990) , transoceanic variability (Jackson & Herrera Cubilla 2000) and long-term evolutionary and ecological patterns of persistence (see McKinney et al. 1998) . They also constitute a particularly suitable group for examining global patterns of competition, in being sessile, abundant and easily accessible on rocky shores at any latitude. More importantly for this study, spatial competition is easily recognizable and the outcome readily identified, although most studies have determined results only at one point in time. Nevertheless, such 'snapshots' seem to give fairly predictable outcomes, at least with bryozoan-bryozoan interactions (Russ 1982; Tanaka & Nandakumar 1994; D. K. A. Barnes, personal observation) . The working hypothesis for this study was that the level of assemblage transitivity would not significantly differ with latitude or between hemispheres. Cheilostome bryozoans are modular colonial organisms (formed of repeating units, or zooids) that are exclusively aquatic, mostly marine and have been the subject of 23 studies with appropriate methods for my analyses ( Jackson 1979b; Quinn 1982; Russ 1982; Lopez Gappa 1989; Turner & Todd 1994; Nandakumar 1995; Barnes 2000 and references therein; Maughan 2000; Barnes & Arnold 2001) . Appropriateness was dictated by the minimum sample size of interactions between competitor pairs, scoring of all three outcomes (win, loss and tie) and taxonomic resolution.
MATERIAL AND METHODS

(a) Data assembly
Data that included outcome scores from measurements of interference competition between cheilostome bryozoan species pairs were extracted from 16 published (and seven unpublished) reports. Literature used in this study included studies of competitive encounters at polar, temperate and tropical latitudes in both hemispheres. No relevant studies were found north of 60°N, whilst assemblages are almost unknown south of 70°S owing to ice-sheet cover or lack of marine environment. In many cases, studies reported in the literature described and demonstrated datasets where competition for space was intense despite the fact that total space was not limiting. This is due to confined areas of settlement and recruitment within this space (e.g. only the under-surfaces of boulders are typically crowded). All data matrices involved the outcomes of competitor pairings at species level and used similar definitions of win, loss and tie. Aggressive encounters between colonies, which resulted in either mutual, but equal, overgrowth or skeletal build-up but no overgrowth, were scored as ties. Monitoring of such outcomes has shown that ties are temporally stable and have genuine status equivalent to win or loss (Sebens 1986; Tanaka & Nandakumar 1994 absolutes, and longer-term survival and reproduction may alter ecological implications of the apparent outcome since bryozoan growth tends to be slow.
(b) Data treatment
All data were arranged into species-pair contact matrices (see table 1 ). All published interactions involving species not belonging to the cheilostomatid order (grey shading in table 1) were removed to form matrices entirely constituted by cheilostomecheilostome encounters. Removal of fast-growing taxa, such as ctenostomes, can have strong implications for the structure of competition, but this may vary from increasing (Turner & Todd 1994) to unchanging or decreasing the hierarchical nature (Barnes & Dick 2000) . In addition, species that did not interact with two or more other competitors were removed (see table  2 ) because empty cells represent a source of error, effectively decreasing the value of the transitivity index. Thus, each dataset was reduced to a matrix similar to table 2 in which each competitor meets all (or virtually all) other competitors. Tanaka & Nandakumar's (1994) transitivity index was calculated from the data within each final matrix. The index tends from zero to unity and is independent of the number of competitors or observations. Any of the three indices can be used for comparison of assemblage structure, although only the win index (which gives identical output to the loss index) was used. (Index formulae: WI, win index; LI, loss index; SI, stand-off index.)
Here, P ij [W] 2 for the first row of the matrix (of table 2) is the sum of the squares of the top-right values divided by the bottomright values in each cell of the matrix. For example, for the first cell (Tegella aquilostris versus T. armifera), this value is (5/16) 2 or 0.098. For each equation, n represents the number of competitors (species) in the matrix (11 in table 2). Within a cell, higher values indicate that the stronger competitor is the more dominant. For the overall matrix, higher indices indicate an increasingly hierarchical interaction scheme.
The interaction data used in this study originated from two substratum types: natural rock and artificial panels. As surface heterogeneity is a potential source of interaction (and therefore index output) variability and panels are designed to reduce heterogeneity, the two surface types were compared. A two-way ANOVA was used (following a Anderson-Darling normality test) on data from the three sites for which both natural and artificial data were available to partition total variation into sums of squares for sites, substrata and the interaction effect. The index was then plotted against latitude and the effects of panel versus natural substrata, geographical isolation and northern versus southern hemisphere contrasts were also considered.
Probability of a win for a higher-ranking competitor was also plotted against the difference in rank between competitors. As this involved the use of some probabilities approaching one, data were angular-transformed ( y = sin Ϫ1 √p) to allow for any eventual curvilinearity. For a binomial proportion based on n trials, Table 1 . Matrix of competitive interactions for Alaskan cheilostomatid, ctenostomatid and cyclostomatid bryozoans (latter two clades are shaded grey).
(Data, from Barnes & Dick (2000) , are displayed in standard form: see Turner & Todd (1994) and Barnes & Arnold (2001) . If rows represent competitor A and columns represent competitor B, for each cell the top left, top right and bottom left the data give, respectively, the number of ties between species A and B, wins by B (losses by A) and wins by A (losses by B). The number in the bottom right of each cell is the total number of observed interactions for that species pair.) the variance of the observed proportion is p(1 Ϫ p)/n, which is a quadratic function with its greatest value at p = 0.5 and falling to zero at p = 0 and 1. The standard error attached to the proportions indicates that this model is not needed and a plot of y versus rank difference was almost identical to the plot of original data. In cases where proportions approach zero or one, a straight line cannot apply because it allows out-of-range values. A more useful general model is the logistic regression, of which logit
] is assumed to be linear in the predictor. In this case, a plot of logit ( p) against rank difference also showed a very similar trend to original data, so transformation was applied to the data.
RESULTS
The interactions between most competitor pairs (matrix cells) of assemblages were rarely determinate (i.e. in few cases did one competitor win all encounters). Furthermore, in few cases were all of the interactions between competitor pairs decisively won or lost rather than tied. Competitive reversals (in which a lower-ranking competitor significantly outcompeted a species of higher rank) also were present in most assemblages (e.g. Microporella sp. versus Cribrilina annulata in table 2). This apparent complexity and variability at competitor-pair level was, however, relatively unimportant to assemblage-level patterns (in transitivity). Both the squaring and square-rooting of Tanaka & Nandakumar's (1994) formulae and the large number of competitor pairings resulting from matrices of just 11 competitors (table 2) make the procedure robust to any particular anomalous competitor-pair output. The win-index output of Tanaka & Nandakumar's (1994) transitivity index varied between 0.56 and 0.88. There was no evidence for differences between the two types of substrata (artificial and natural) or any interaction effect between substrata and sites (table 3). To increase the degrees of freedom for estimating random error (thereby gaining power for effect detection), the interaction sumof-squares was pooled with the residual sums-of-squares, but the conclusion of the analysis was the same (table 3) . The highest values of transitivity were found in assemblages at the northernmost and southernmost extremes studied: Kodiak Island (Alaska) and Adelaide Island (Antarctica), respectively (figure 1). These high-latitude assemblages show near linear hierarchies in which a few species won most encounters (Tegella armifera and T. aquilostris in Alaska; see table 2) against all other competitors. Owing to the strength ( p-value) and fit (r 2 -value) of the relationship in figure 1, no correction was deemed necessary or appropriate for ecological differences of latitude (the difference between one degree of latitude differs itself with latitude). In addition, a few species lost most spatial interactions (Porella alba and Celleporella sp. in Alaska), whilst competitors intermediate between these extreme performers were ranked in succession. Overall, therefore, the probability of winning in such a structured assemblage typically increased with the difference between the ranking of competitor species (figure 2).
The win index increased with latitude of assemblage sampled (ANOVA, d.f. = 2, F = 47.0, p = 0.021), indicating an increase in transitivity of interference competition with latitude. Thus, competition in encrusting assemblages changes from essentially a network structure at low latitudes to one of a more hierarchical nature at high latitudes. There was no obvious effect of isolation, although there were insufficient appropriate studies from continental margins (compared with inshore and offshore islands) to test this fully. Transitivity values from northern hemisphere assemblage data were similar to those in the southern hemisphere (figure 3), except for a slightly reduced range. Northern hemisphere values also formed a cline with latitude, though the relationship differed from that of southern-hemisphere data in being nonlinear (figure 3).
DISCUSSION
(a) Competition, coexistence, complexity and trend emergence Competition amongst sessile groups of organisms, such as plants or marine benthos, may take many forms, often simultaneously. Competitive interactions may be exploitation, interference or both and may operate in a wide Proc. R. Soc. Lond. B (2002) variety of physical and chemical processes (Schoener 1983; Menge & Sutherland 1987) . Jackson (1979a) suggested that assemblage complexity might be maximized when competing taxa were more taxonomically distant (such as phyla or classes) or differed in growth form (unitary versus colonial). Models of species diversity patterns (Menge & Sutherland 1987) have further emphasized this potential complexity of competition in assemblages by predicting the dynamism of results with trophic structure, recruitment, environmental stress levels and predation. Whilst appreciation of the possibilities for complexity is important, some abundant and ubiquitous situations involve simple spatial competition between members of a single taxon, with most of the described factors being approximately static. Analysis of cheilostome bryozoan assemblages, which dominate the habitat of marine boulder under-surfaces across the globe, in the present study has demonstrated strong trends emerging from relatively uncomplex data.
The lowest values of transitivity (0.56-0.7) in the present study are not unusual, even within encrusting sessile benthic animals. Data from Stebbing (1973) on ctenostome and cheilostome bryozoans gave a (win index) value of 0.32 when subjected to Tanaka & Nandakumar's (1994) index. The small size of Stebbing's (1973) dataset, coupled with the fact that only one cheilostome was represented, precluded its inclusion in the present study. Spatial competition in an ascidian assemblage, studied by Schmidt & Warner (1986) , produced an even lower value of just 0.26. The lowest possible theoretical values are 0.707 (with no tied outcomes) if every competitor wins exactly half of all encounters with every other, or 0.00 (with tied outcomes) if all competitors have tied outcomes in every encounter. The upper value is 1.0 if the competitors are perfectly ranked, headed by an assemblage dominant winning all encounters and a completely inferior competitor losing all interactions at the base of the hierarchy.
The upper values of assemblage transitivity are among the most hierarchically organized groupings described. The societies of many mammals, such as stags (CluttonBrock et al. 1979) , are organized along rather strict hierarchical lines, but competition within such groups is intraspecific. The extent to which social structure is hierarchical clearly varies with species and may even vary within populations of certain species, such as microtine mammals (Krebs 1985) . Interspecific competition has even greater potential to vary because of the range of structures or mechanisms possessed by different species. Many of the multispecies bryozoan assemblages reported here were, nevertheless, organized in similar fashion to the intraspecific hierarchies of elephant seals or stags, but only at high latitude. Whilst trends of assemblage organization (figures 1 and 3) seem robust with latitude, some caution is needed when interpreting data from the high southern latitudes as they are from a very restricted longitudinal range: the Antarctic Peninsula region only. This is by necessity since this area represents the only shallows for nearly 10 degrees of latitude and so it is also atypical for its latitude in many ways due to its position relative to features such as the Weddell Sea gyre (which generates cool water). Furthermore, although latitude is given linear scaling, a one-degree change of latitude at the poles or tropics may be different ecologically from that in temperate regions. This is difficult to correct for and probably has little importance to the relationship presented as the trend seems statistically highly robust.
(b) Why should polar assemblages be more hierarchical? The complex models of Menge & Sutherland (1987) and previous work (e.g. Connell 1985; Roughgarden 1986 ) suggested competition to be of low level and ecologically unimportant in situations of low recruitment and growth and high availability of free space. Overall, levels of recruitment and growth typically are low in shallow polar benthic communities (Stanwell-Smith & Barnes 1997) , but competition has emerged as one of the dominant processes dictating assemblage structure (Barnes & DeGrave 2002) . Although in polar bryozoans (and other taxa) gross recruitment (recruits year Ϫ1 ) may be low and individual/ colony growth slow, recruit and adult densities can be very high because recruits occur on the restricted space of boulder under-surfaces only. Most recruits experience high levels of interference competition before they are two years old (Barnes & DeGrave 2002) . Whilst the simplicity of most polar boulder assemblages was expected and the importance of polar competition was not, given model predictions (Menge & Sutherland 1987) , neither explains the here-observed hierarchical structure. An alternative view could be that the level of nearshore polar disturbance is more intermediate on temporal and spatial scales and so fits the model well, but little evidence has been presented of higher levels of disturbance in other equivalent environments. Certainly, by wind speed and wave height (and speed) there is a general trend to increasing energy with latitude ( figure 5a,b) .
Many of the (competitor) species in the present study have wide latitudinal ranges with the exception of the Antarctic species, which are mainly endemic (see Hayward 1995) . This is important because it indicates that differential levels of transitivity are not simply a result of different suites of competitors. In fact, if only Antarctic data (54ϩ°S, albeit only from the Antarctic Peninsula region) Bentamy et al. (1996) .
are plotted against latitude, the trend still holds (figure 4). Differences in competitor identity are, therefore, unlikely to be important in explaining observed data variability. There are at least two probable causes and mechanisms behind cheilostomatid dominance becoming more hierarchical towards the poles. First, tied outcomes of interactions become rarer, (Barnes 2000) although the explanation for this remains obscure. Second, the number of competitor pairs in which one species completely dominates the other increases (Barnes 2000) . Because Tanaka & Nandakumar's (1994) index involves squaring outcome scores, both of these have a strong influence on raising the output value. The number of competitors also decreases towards the poles as frequent ice scour and other physical conditions associated with polar shores have a stronger influence (Barnes 2000) . This in turn changes the frequency of interspecific encounters with respect to those that are intraspecific.
Competition becoming more hierarchical with latitude means that the effect of competition is more severe. With no extrinsic influence, such competition would result in a few species monopolizing all space. Antarctic benthic species richness is, however, high and in some places arguably as high as in tropical coral reefs . Unlike tropical reefs where species richness may be maintained by extensive non-transitive networks with no true dominant ( Jackson & Buss 1975; Buss & Jackson 1979; Chornesky 1989 ), diversity in polar environments must be maintained by non-biological mechanisms. Disturbance in the polar marine environment is variable and can be very high, mainly through the action of ice scour . Menge & Sutherland (1987) considered that competition (for space) would be only slight and diversity low in environments receiving frequent abrasion, such as shallow polar seas. The current work indicates that diversity is maintained by this highly frequent and catastrophic nature of disturbance in polar regions, for without it, a few species would outcompete all others and monopolize space. In shelves, crevices or caves, which are protected from ice scour, there is evidence that competitively dominant species do indeed monopolize large areas of space. In addition to increasing the potential establishment of nonnative species by invasion and their possibly exceeding thermal tolerance limits of native species, global temperature change and ice melt may, therefore, present another mechanism of diversity reduction: less ice would reduce environmental heterogeneity by lessening disturbance.
While ice scour may explain the trend to increasingly hierarchical organization of assemblages within polar waters, the same process cannot be responsible for the same trend continuing across the ice-free temperate and tropics. Ice scour is just one agent of mechanistic disturbance, however, and in ice-free periods in polar waters and yearround in non-polar waters the main form of energy is wave action. Mean wind speed increases from the equator to polar regions (figure 5a) across all oceans, and mean wave height (and energy) increases correspondingly (figure 5b). This study indicates that the increase in energy from the tropics to the poles drives the organization of the marine assemblages tested to become increasingly hierarchical, principally by wave action but additionally by ice scour at high latitude.
